Smallflower umbrella sedge is a problematic weed in direct-seeded rice in the midsouthern United States. It recently has evolved resistance to the acetolactate synthase (ALS) -inhibiting herbicide halosulfuron in Arkansas rice. Studies were conducted (1) to determine if the resistant biotype is cross resistant to other ALS-inhibiting herbicides, (2) to evaluate alternative herbicide control options, and (3) to determine the mechanism of resistance. Whole-plant bioassay revealed that halosulfuronresistant plants were not controlled by bispyribac-sodium, imazamox, and penoxsulam at the labeled field rate of each herbicide. The level of resistance to these herbicides, based on the lethal dose needed to kill 50% of plants (LD 50 ) was $ 15-fold compared to a susceptible biotype. Both biotypes were controlled .96% with bentazon and propanil and # 23% with quinclorac, thiobencarb, and 2,4-D. Hence, effective control measures exist; albeit, the number of herbicide options appear limited. Based on in vitro ALS enzyme assays, altered target site is the mechanism of resistance to halosulfuron and imazamox. Massively parallel sequencing with the use of the Illumina HiSeq detected an amino acid substitution of Pro 197 -to-His in the resistant biotype that is consistent with ALS-inhibiting herbicide resistance in other weed species. Nomenclature: Bispyribace-sodium; halosulfuron; imazamox; imazethapyr; penoxsulam; smallflower umbrella sedge, Cyperus difformis L.; rice, Oryza sativa L.
Herbicide-resistant weed evolution is more common for acetolactate synthase (ALS) -inhibiting herbicides compared to herbicides of all other groups. Worldwide, 145 weed species have evolved resistance to ALS-inhibiting herbicides, and 27 of those weed species exist in rice production systems. (Heap 2014) .
Nearly half of the rice in the United States is grown in Arkansas. In Arkansas, barnyardgrass, red rice, and sedges (Cyperus spp.), including rice flatsedge, smallflower umbrella sedge, and yellow nutsedge (Cyperus esculentus L.) are the main monocot weeds. Selection for ALS resistance in rice fields has been tremendous over the past 10 yr as a result of the rapid adoption of imidazolinone (IMI) -resistant rice in the midsouthern United States, partially as a strategy to combat barnyardgrass resistance to multiple herbicides, including propanil (Baltazar and Smith 1994) , quinclorac (Lovelace 2003) , and clomazone ). Similar to observations with other herbicides that were widely used in rice, overreliance on IMI herbicides such as imazethapyr and imazamox in IMI-resistant rice quickly led to evolution of further barnyardgrass resistance to these herbicides (Wilson et al. 2009 ). Additional studies revealed that these resistant barnyardgrass biotypes had variable levels of cross-resistance to additional ALS-inhibiting herbicides belonging to the triazolopyrimidine (TP, penoxsulam) and pyrimidinyl-benzoate (PB, bispyribac-sodium) chemical families (Riar et al. 2012 (Riar et al. , 2013 . Sulfonylurea (SU) herbicides such as bensulfuron, halosulfuron, orthosulfamuron, and thifensulfuron do not control barnyardgrass and red rice, but are the main components of broadleaf and sedge weed control programs in midsouthern U.S. rice . In 2010, halosulfuron failed to control a smallflower umbrella sedge population collected from a rice field in southern Arkansas. Greenhouse studies conducted at the University of Arkansas in Fayetteville revealed that smallflower umbrella sedge had evolved resistance to halosulfuron (Norsworthy et al. 2013b) . Smallflower umbrella sedge has already evolved resistance to ALS-inhibiting herbicides in California (Osuna et al. 2002) , Australia (Graham et al. 1996) , Italy (Vidotto et al. 2003) , Brazil and Spain (Galon et al. 2008; Ruiz-Santaella et al. 2004 ), South Korea (Kuk et al. 2004) , and Turkey (Heap 2014) .
Mutations in the conserved region of the ALS gene and enhanced herbicide metabolism are widely reported as mechanisms of ALS-inhibiting herbicide resistance in weed species (reviewed by Powles and Yu 2010; Siminszky et al. 2006; Tranel and Wright 2002) . Several studies focused at determining the mechanism of resistance in ALS-resistant smallflower umbrella sedge conducted ALS enzyme assays that indicated an altered target site was the likely resistance mechanism (Kuk et al. 2004; Osuna et al. 2002) .
Currently, sedges are not among the top five most problematic weeds of rice in Arkansas (Norsworthy et al. 2013a ) because ALS-inhibiting herbicides and propanil provide good control of sedges . However, limited control options after widespread evolution of resistance to ALS-inhibiting herbicides may lead to greater prominence of sedges in rice production systems in this region. Consequently, experiments were conducted with objectives: (1) to confirm and characterize cross resistance to halosulfuron, bispyribac-sodium, imazamox, imazethapyr, and penoxsulam; (2) to evaluate alternative herbicides for the control; and (3) to determine the resistance mechanism in the halosulfuron-resistant smallflower umbrella sedge biotype.
Materials and Methods
Plant Material and Growth Conditions. Seeds of the halosulfuron-resistant smallflower umbrella sedge (R) were collected from a rice field in southeast Arkansas. Seeds of a known ALSsusceptible (S) biotype were provided from a seed repository in Davis, CA. To confirm ALS-inhibiting herbicide resistance, seeds were sown in a 55.5 by 26.5 by 5. Whole-Plant Bioassays. Dose-Response Studies. ALS-resistant and susceptible tuberlings were transplanted individually at two-to three-leaf stage as mentioned earlier. Sprayer setup and growth conditions were the same as above. Both biotypes were treated at three-to four-leaf stage with a range of rates of halosulfuron, bispyribac-sodium, imazamox, and penoxsulam. There were 20 replicates for each treatment. The herbicide rates for the susceptible biotype were 0, 1/64, 1/32, 1/16, 1/8, 1/4, 1/2, 1, and 2 times the labeled field rate of halosulfuron, bispyribac-sodium, imazamox, and penoxsulam (Table 1) . Additionally, imazamox was applied at 4 and 8 times the labeled field rate because of its lower efficacy. Rates of all tested herbicides for the resistant biotype were 0, 1/2, 1, 2, 4, 8, 16, and 32 times the labeled rate. All treatments contained adjuvants (Table 1) . Treatment effect with regard to plant mortality and percent dry weight reduction was recorded at 21 DAT for all herbicide treatments.
As a result of no differences between runs, mortality data were pooled. Mortality data were subjected to probit analysis with the use of PROC PROBIT in SAS to determine the lethal dose needed to kill 50% (LD 50 ) of the treated plants of each biotype. Additionally, herbicide dose needed to reduce growth by 50% (GR 50 ) was calculated with the use of a four-parameter log logistic function as given in Equation 1:
where y is the percent dry weight in response to herbicide concentration (x), d is the upper asymptote, c is the lower limit, and b is the relative slope around GR 50 . The values of c and d were fixed at 0 and 100, respectively.
ALS-Inhibiting Herbicide Cross
Resistance and Alternative Herbicide Studies. Two experiments were conducted in a randomized complete block factorial design with two biotypes and five herbicides (i.e., five ALS-inhibiting herbicides and five alternative rice herbicides) treatments with four replications. Both experiments were repeated. Smallflower umbrella sedge biotypes (four plants per replicate) at the three-to four-leaf stage were treated with field application rates of herbicides listed in Table 1 . Required adjuvants were added to all treatments according to the manufacturer's recommendation (Table 1) . Herbicide application procedures and growth conditions were the same as for the dose-response trials. Control was visually estimated 21 d after treatment (DAT) on a scale of 0 (no control) to 100 (dead plant). Aboveground biomass of all plants including the nontreated control was measured by weighing the oven-dried shoots after drying at 60 C for 3 d. The dry weight of each plant was converted to a percentage relative to the nontreated control for each biotype.
Control and biomass data were subjected to ANOVA with the use of PROC MIXED in SAS (Version 9.3., SAS Institute Inc., Cary, NC). The two runs were pooled and means separated with the use of Fisher's protected LSD at a 5 0.05. Comparisons were made between resistant and susceptible biotypes within each herbicide and among herbicides within a biotype.
ALS In Vitro Inhibition Assay. Resistant and susceptible plants were grown as in the crossresistance study. Three to four grams of fresh leaves from plants at the three-to four-leaf stage were ground under liquid nitrogen with the use of mortar and pestle and the ALS enzyme activity assayed according to Nandula and Messersmith (2000) . Technical-grade halosulfuron and imazamox provided by commercial manufacturers (Table 1) were used at 0, 0.0001, 0.001, 0.01, 0.1, 1, 10, 100, and 1,000 mM concentrations for the in vitro ALS assays. ALS enzyme activity was measured, in terms of the optical density of a colored complex (based on acetoin formed from acid decarboxylation of acetolactate) at 525 nm against a no-enzyme blank, and expressed as percentage of control (no herbicide). Experiments were conducted in a complete randomized factorial design with two biotypes and two herbicides with three replications per treatment. Each replication represents an independent enzyme/ protein extraction from a leaf sample. The experiments were conducted three times. ANOVA was conducted on all data with the use of PROC GLM in SAS. No significant experiment effect in repeated runs was observed; therefore, data from three runs were pooled. Nonlinear regression analysis was (McWilliam et al. 2013) and translated into amino acid sequences in CLC Genomic Workbench. The chloroplast transit peptides were predicted from the translated amino acid sequences on ChloroP 1.1 Server (http://www.cbs. dtu.dk/services/ChloroP/).
Results and Discussion
Whole-Plant Bioassays. Dose-Response Studies. The resistant biotype exhibited resistance to ALSinhibiting herbicides of four chemical families based on dose-response curves relative to a susceptible biotype (Table 3 ). The R/S ratio calculated from LD 50 values revealed that the resistant biotype was . 69, . 95, . 15, and 27-fold less sensitive to bispyribac-sodium, halosulfuron, imazamox, and penoxsulam, respectively, compared to the susceptible biotype. Similarly, the GR 50 values of bispyribac-sodium, halosulfuron, imazamox, and penoxsulam also confirmed resistance similar to that observed for the LD 50 values (Table 3) . Based on the ratio of GR 50 values, the resistant biotype was $ 12-fold less sensitive than the susceptible biotype to all herbicides tested.
Various levels of herbicide resistance have been reported for many weed species that have evolved resistance to ALS-inhibiting herbicides. According to Osuna et al. (2002) , smallflower umbrella sedge plants from California were . 10 and . 26 times less responsive to bispyribac-sodium and bensulfuron, respectively, than a susceptible biotype. Smallflower umbrella sedge from South Korea demonstrated a 2.3-and 1,073-fold level of resistance to bispyribac-sodium and bensulfuron, respectively (Kuk et al. 2004 ).
ALS-Inhibiting Herbicide Cross-Resistance. Control of the susceptible biotype with all tested ALSinhibiting herbicides was $ 90% (Table 2 ). In contrast, the resistant biotype was controlled only 6 to 49% with these herbicides. Trends for the biomass data were similar to visual control data, and thus, only visual control data were presented. Crossresistance to ALS-inhibiting herbicides has been reported previously in smallflower umbrella sedge biotypes. For instance, biotypes from Italy and California had variable levels of cross resistance to SU, IMI, TP, PB, and sulfonylamino-carbonyltriazolinone (SCT) herbicides (Merotto et al. 2009 ), whereas a biotype from Spain was resistant to the SU herbicides bensulfuron and halosulfuron, but not to IMI and PB herbicides (Busi et al. 2006) .
Alternative Herbicide Control. Bentazon and propanil controlled the resistant and susceptible biotypes $ 96% (Table 2 ). In contrast, control of both biotypes with quinclorac, thiobencarb, and 2,4-D was # 23%. Among the herbicides labeled for use in Arkansas rice, bentazon and propanil are two of the most effective options for control of ALSresistant smallflower umbrella sedge (Norsworthy et al. 2013b) . Similarly in Brazil, an application of bentazon at the labeled field rate provided complete control of ALS-resistant smallflower umbrella sedge (Galon et al. 2008 ).
Nevertheless, prudent use of propanil is needed, as an ALS-resistant smallflower umbrella sedge population has already evolved resistance to propanil in California (Pedroso et al. 2013) .
ALS In Vitro Inhibition Assay. Halosulfuron and imazamox required for ALS I 50 (herbicide concentration required to inhibit enzyme activity by 50%) was 660 and 40,500 mM, respectively, for the resistant biotype and 53 and 43 mM, respectively, for the susceptible biotype (Table 4) . Based on the ratio of resistant to susceptible I 50 , ALS of the resistant biotype was 13-fold less sensitive to halosulfuron and 942-fold less sensitive to imazamox than ALS of the susceptible biotype, suggesting an altered target site as the mechanism of resistance. ALS enzyme activity-based resistance has previously been reported in smallflower umbrella sedge biotypes from Italy and California (Merotto et al. 2009 ). Low level of resistance to halosulfuron, despite high whole-plant level resistance, may indicate involvement of other mechanisms of resistance, such as target-site amplification and differential absorption, translocation, and/or metabolism. ALS gene amplification has not been reported to date in any weed species resistant to ALS-inhibiting herbicides. We have not been able to obtain 14 C-halosulfuron to carry out absorption/ translocation/metabolism studies, in spite of exhaustive search for vendors. A Pro 197 -to-His substitution (see below) does not explain the low ALS-based halosulfuron resistance nor the high level of imazamox resistance. Other species in which the Pro 197 -to-His mutation has been documented exhibit susceptibility to moderate resistance to IMI and high levels of resistance to SU herbicides (Tranel et al. 2014) . The ALS enzyme response to these herbicides should be further investigated for posttranslational modifications such as phosphorylation/de-phosphorylation with the use of a purified enzyme extract with high specific activity. a Means for each herbicide within a row followed by the same uppercase letters and mean for each biotype within a column followed by the same lowercase letters are not significantly different according to Fisher's protected LSD test (a 5 0.05). ALS Gene Sequencing. Two contigs were identified as ALS transcripts from each of the resistant and susceptible transcriptome assemblies. ALS genes were fully assembled in the four contigs, and the complete coding sequences were identified by comparing with Schoenoplectiella wallichii ALS mRNA sequence (NCBI accession AB492863). The two contigs from the same assembly have identical coding sequences with each other. The complete coding region of the ALS gene is 1,926 bp in smallflower umbrella sedge. Comparison of coding regions revealed four single nucleotide polymorphisms (SNPs) and a sequence identity of 99.79% between the two biotypes. The four SNPs were shown in the supplementary file 'SUS_ORF_alignment.phy'. Of the four SNPs, two were silent and two were missense. The two missense SNPs resulted in an amino acid substitution of Ile 59 -to-Phe and Pro 168 -to-His in susceptible to resistant biotypes, respectively. Mapping reads to the ALS coding sequences did not reveal any heterozygous SNPs, insertion or deletion within each biotype. For convention in discussing herbicide resistance, amino acid numbering in the ALS gene is commonly based on Arabidopsis thaliana. In aligning the amino acid sequences of resistant and susceptible smallflower umbrella sedge, Pro 168 aligns to Pro 197 in A. thaliana (Figure 1 (Tranel et al. 2014 ). The Ile 59 -to-Phe substitution was located within the chloroplast transit peptide of the ALS gene according to the prediction by ChloroP 1.1 Server, indicating a rare possibility that this substitution contributed to the ALS-inhibitor resistance. Despite that moderate levels of resistance to imidazolinone herbicides were conferred by Pro 197 -to-His substitution in previous reports, it may cause high level of resistance in smallflower umbrella sedge. This is the first amino acid substitution at the known site of mutations found in this species worldwide. Additionally, variations in the amino acid sequence of smallflower umbrella sedge could alter the impact of such an amino acid substitution.
Considering the recorded correlation of Pro 197 -toHis substitution with the ALS-inhibitor resistance, it can be concluded that this substitution confers resistance to the resistant biotype. In summary, an amino acid substitution in the ALS gene of the resistant biotype from Arkansas, at least in part, resulted in resistance to halosulfuron and imazamox. According to Tranel et al. (2014) , . 10-fold resistance is considered as a high level of resistance indicating target site mutation(s). The ALS isozymes with different expression level can be one of the reasons for less-than-expected halosulfuron I 50 value of the resistant biotype. Future research should be directed at determining whether elevated metabolism, e.g., enhanced herbicide metabolism by cytochrome P450 or other potential mechanisms, contribute to the lack of control with penoxsulam and bispyribac-sodium. Non-targetsite-based resistance owing to enhanced herbicide metabolism is also widely documented as a cause for the evolution of ALS-resistant weed species (Riar et al. 2013; Yasuor et al. 2009; reviewed in Yuan et al. 2007 ). Furthermore, given the importance of the competitive impact of sedges on rice production, herbicides that can control ALS-resistant smallflower umbrella sedge (i.e., bentazon and propanil) should be used prudently within an integrated weed management system.
